Introduction
Ar-CO is a model system for understanding intermolecular forces [1] as, owing to its large polarizability, van der Waals forces are stronger for Ar than for smaller atoms, such as He. Understanding these long-range forces is essential to calculating many properties of gases [1] [2] [3] [4] . A reliable potential energy surface describing these intermolecular forces can be used to calculate bulk properties of gases including viscosity, diffusion, thermal conductivity, and virial coefficients [5] [6] [7] [8] [9] . These long-range forces also influence pressure broadening of spectra; larger van der Waals forces generally lead to more broadening. So, an understanding of long-range forces is needed to predict accurately the spectra of atoms and molecules [3, 4, [10] [11] [12] . Intermolecular forces control the rates of barrierless gas-phase chemical reactions at low temperatures [13] [14] [15] , as well as collisional rotational energy transfer (RET) in gases [16] .
Rate constants for RET are needed to understand many gas-phase phenomena, including the propagation, absorption and dispersion of sound waves and the transport properties of gases. They are also needed to predict the lifetimes of energetically excited molecules -" " ff y g w non-thermal product distributions [17] . RET, particularly at low temperatures, is of great importance in deriving column densities in the interstellar medium [18, 19] .
While theoretical methods can provide extensive matrices of state-to-state rate constants for RET, the accuracy of these calculations, especially at low temperatures, depends on the quality of the available potential energy surfaces. Simple systems such as CO -Ar [1] provide an opportunity to benchmark theoretical calculations and improve their predictive power. Noble gas -diatomic molecule complexes represent the simplest systems where anisotropic intermolecular forces play an important role. The Ar -CO complex represents a theoretical challenge as the potential, and particularly its anisotropic part, is largely determined by the balance between dispersion and repulsion. The accurate calculation of the dispersion interaction, including correlation effects, while challenging, is now attainable.
A number of potential energy surfaces for Ar-CO have been published [1, [20] [21] [22] [23] [24] , and used to predict results to compare with a variety of experiments, including studies on the collisional line broadening of CO in Ar [10] [11] [12] 25, 26] and spectroscopic studies of the Ar-CO van der Waals complex [27] [28] [29] [30] . Havenith and Schwaab summarized many of these studies in their 2005 review article [1] . Recently, Sumiyoshi and Endo [20] have provided an updated survey and a high quality 3D potential energy surface for the Ar-CO system from ab initio coupled cluster calculations at the CCSD(T)-F12b/aug-cc-pV5Z level of theory. They parameterized this potential energy surface and performed optimization using spectroscopic data on the Ar-CO complex. State-to-state rate constants for RET would provide an additional test of this potential energy surface, especially at low temperatures where the collision energy is of the same order or less than the Ar-CO van der Waals well depth. Low temperature RET measurements are particularly sensitive to the hard-to-determine long-range anisotropic part of the potential. While state-to-state rate constants for RET have been reported for CO in He, much less has been published on rates of RET between . In 1999, Belikov and Smith [33] measured rotational relaxation rate constants for CO in Ar supersonic expansions by electron beam fluorescence and REMPI techniques at 7-150 K. However, they did not perform these measurements under uniform temperature conditions and instead determined rate constants by fitting populations and line widths in the evolving free jet expansions to various pre-determined fitting laws.
Here, we report direct measurements of total and state-to-state rate constants for RET of CO in Ar between 30 and 295 K using infrared-vacuum ultraviolet double resonance (IRVUVDR) in cold uniform supersonic flows in a CRESU (Cinétique de Réaction en Ecoulement Supersonique Uniforme or Reaction Kinetics in a Uniform Supersonic Flow) apparatus. The results are compared to close-coupled quantum scattering calculations performed on the recently published PES of Sumiyoshi and Endo [20] .
Experimental and Theoretical Methods

Experimental apparatus and techniques
The CRESU technique was first developed by Rowe and co-workers [34, 35] for the study of ion-molecule reaction kinetics, and has subsequently been adapted for investigations of both neutral-neutral kinetics [36] and energy transfer at temperatures as low as 7 K [18, [37] [38] [39] . The CRESU and IRVUVDR techniques have been described in detail in James et al. [39] and Carty et al. [18] . VUV laser induced fluorescence (LIF) provides a sensitive detection method, allowing us to work with very low [CO] (<0.5%). The pulsed lasers used in this study have a time resolution of ca. 5 ns, enough to probe the fast kinetics of RET under the conditions prevailing in the cold supersonic flows.
CO molecules are excited to their initially unpopulated second (ν = 2) vibrationally excited state by an infrared pulse that counter-propagates along the axis of the supersonic expansion. By tuning the frequency of the IR laser, the initial rotational level in the excited vibrational state may be chosen. Through collisions with the Ar bath gas, the vibrationally excited CO molecules will relax to rotational equilibrium (vibrational relaxation is observed to be negligible on the timescales, 0 -2 μ f experiments), and at any time the rotational state populations of the CO can be probed by LIF in the
IR light was produced by a LaserVision KTP combined optical parametric oscillator (OPO) -optical parametric amplifier (OPA), pumped by a Continuum Surelite EX injectionseeded Nd:YAG laser operated at 10 Hz. 5-10 mJ IR pulses were produced at 2349.5, 2351.67, 2358.41, or 2363.12 nm to study J = 0, 1, 4 and 6, respectively. Strong fluctuations in IR pulse energy (between 5 and 10 mJ) were observed as well as frequency fluctuations of 0.04 (2σ eviation). To reduce noise from these fluctuations, we discriminated data points based upon signal received from a custom-built photoacoustic cell filled with 8 mbar of CO [18] . The photoacoustic signal from this cell was amplified with a Stanford Research SR560 low-noise voltage amplifier before being integrated with a Stanford Research SR250 gated integrator with a 15 μ g . Data points were discarded for which the photoacoustic signal was below a predetermined threshold (generally set at ~1.2 times the average photoacoustic signal).
VUV light needed for LIF detection of the vibrationally excited CO was produced through 4-wave difference frequency mixing in Xe gas as described by Hilbig and Wallenstein [40] and employed in Carty et al. [18] . In this method, VUV light is produced using two 256.01 nm photons to excite the 5p 5 6p(5/2) 2 ← 5p 6 The resulting LIF was detected by a solar blind photomultiplier tube (ET Enterprises 9403B) equipped with a bandpass interference filter (Acton Research) centered at 158.9 nm with a 23.4 nm bandwidth. The signal from the photomultiplier was sent to a gated integrator (Stanford Research SR250) where the signal was integrated with a 16 ns gate and sent to the computer to be recorded. Timing between the IR and the VUV pulses was controlled with two digital delay generators (Stanford Research SR535). Both IR and VUV beams were horizontally polarized at their point of intersection, but as they were non-collinear, crossing each other in the CRESU flow beneath the solar blind photomultiplier tube, the resulting double resonance signal was not sensitive to any alignment effects.
Three different nozzles were used to produce supersonic flows at 110.6 K (with a density of 2. were measured using absolute capacitance manometers (MKS Baratron), and flows were controlled with mass-flow controllers (MKS 1179A and 1559A). In all experiments the CO concentration was kept at or below 0.6% of the Ar concentration, so we expect minimal interference from CO/CO collisions. Density and temperature in the supersonic expansion were determined by means of impact pressure measurements employing a Pitot probe [36] . All pressures and flows during experiments were within 5% of the conditions for the Pitot measurements. Ar (Air Liquide, 99.995 %) and CO (Air Liquide, 99.998 %) were used directly from their cylinders with no further purification.
Experimental procedure and data analysis
We performed two types of experiments: a total-removal experiment in which we followed the decay of the initially excited rotational state population with time and state-tostate experiments by which we obtained state-to-state rate constants using spectra at very short delay times. These data analysis methods have been previously discussed in greater detail by Carty et al. [18] and James et al. [39] .
Total Removal Rate Constants and Cross Sections
The frequency of the IR laser selects a rotational state, J i , in which the entire CO population in ν = 2 initially resides. Within ~1μs the population relaxes to rotational equilibrium. The total rate for collisional rotational relaxation from a given rotational level (we chose J i = 0, 1, 4, and 6) can be found by recording the decay of the LIF signal of Q(J i ) as a function of time. We chose the Q branch of the A 1 Π -X 1 Σ + (0,2) band of CO because it is more intense than the P branch and its lines are more isolated than the R branch. A typical decay is shown in Figure 1 . The decays were fit to a simple exponential model with a floating baseline using the Levenberg-Marquardt algorithm to find the first-order exponential decay rate constant, k exp, which is the inverse of the exponential decay time, τ. Since there is significant reverse transfer from all of the other states, J f, to the initial state, J i , k exp , must be corrected with the following equation in order to find the first-order rate constant for total removal from J i, , k tot :
where f J i eq is the Boltzmann factor of J i at rotational equilibrium divided by the partition function, or simply the proportion of CO molecules in state J i at equilibrium. This equation assumes that the rate constant for the reverse reaction at any time is equal to the reverse rate constant from an equilibrium distribution of states. Thus, the kinetics model assumes a simple forward and reverse rate between two states: J i and a fully rotationally relaxed equilibrium distribution [18, 39] .
The exponential traces do not decay to zero, since J i will be populated at rotational equilibrium, as illustrated in Figure 1 . As the baseline is determined by the population in J i at rotational equilibrium, we can calculate the rotational temperature by dividing the baseline by the fitted LIF intensity at t = 0 (which represents the total initial population). All values of w w f b w (2σ) f temperatures measured by the Pitot probe. The temperatures were also confirmed by the relative intensities of peaks, which always followed a Boltzmann distribution for the expected temperature.
State-to-State Rate Constants
We also determined individual state-to-state rate constants from J i (again we chose J i = 0, 1, 4, and 6) to J f (for J f = 0 -10), following the same procedure as in Carty et al. [18] recording two LIF DR spectra at different fixed delay times. The first spectrum is recorded at a delay (t) that is short (15 ns at 293 K, 30 ns at 111 K, 20 ns at 52 K and 50 ns at 30.5 K) compared with the relaxation time from the selected level in collisions between CO molecules and Ar atoms, so that we can neglect the transfer of molecules in secondary collisions. The observed populations are therefore entirely the result of collisions between CO molecules in the level J i and Ar atoms. Under these conditions, the rate of population transfer into any collisionally populated level J f can be described by the equation:
which, if t is sufficiently short, can be written in the approximate form: I we took a spectrum at delay times long enough for the CO to achieve rotational equilibrium, 1.5 -2 μ . Figure 2(b) shows a double resonance spectrum in rotational equilibrium at room temperature (293 K), and Figure 2 (a) shows a spectrum taken only 30 ns after the IR pulse, in which the majority of the population is still in J i = 4. Since we need the intensities of the small peaks (J f = 0-3, 5-10), we used a scale in which the J i = 4 peaks were completely saturated. Peaks were assigned experimentally, by taking spectra 15 ns after the IR pulse; at these time scales the population is almost entirely in the initial rotational state J i , determined by the wavelength of the IR light. We fit all peaks to Gaussian functions with deconvolution fitting using PeakFit (SyStat) software, and the amplitudes of each peak were used to calculate the state-to-state rate constants according to the above equation.
Scattering Calculations
We used the three-dimensional Ar-CO potential energy surface recently developed by Sumiyoshi and Endo [20] . They first obtained an analytical model of the PES using 46 parameters from a set of 2448 ab-initio points calculated at the CCSD(T)-F12b/aug-cc-pV5Z level of theory. The bond length of the CO monomer covers the [1,1.35] Å interval in steps of 0.05, which enables an accurate description of the first 15 vibrational levels of CO. They then used these parameters as initial values for the least-squares analysis of the available experimental spectroscopic data including the rovibrational spectrum of the complex. A total of 20 parameters were optimized to reproduce all the spectroscopic data. The resulting minimum D e = 107.1 cm -1 , is obtained for a bent geometry at = 95° which is 0.9 cm -1
shallower than the ab initio value and reproduces the experimental data very well.
The rovibrationally inelastic cross-sections were calculated at the close-coupling level using the Newmat package [41] , which we recently used in the study of the inelastic collisions of He with vibrating NO + [42] . This code solves the close-coupling equations in the space-fixed frame using a log derivative propagator. The vibration of the diatomic molecule is treated by first solving the exact diatomic equations using the diatomic potential and a finite basis representation of imaginary exponential as described by Colbert and Miller [43] . The diatomic rovibrational wave functions are then evaluated along a Gauss-Hermite grid and used to calculate the vibrational part of the intermolecular potential matrix elements. The inclusion of 21 rotational states for each of the three vibrational levels was sufficient to converge the cross sections in the [10 −1 , 2000] cm −1 collision energy interval of our calculations. The intermolecular coordinate propagation step size was taken to be 0.015 a 0 and the maximum distance of propagation was 50 a 0 at the lowest collision energy considered in the calculations. The relative convergence criterion of the inelastic cross sections as a function of the total angular momentum was taken to be 0.1% for the whole range of energy and the maximum value of the total angular momentum needed to reach convergence was equal to 56. We estimate the global accuracy of our calculation to range between 1 and 5%.
The state-to-state rate constants '' ()
JJ
kT   at temperature T were then computed by      over the collision energy E J in the channel J where J and 'J' respectively designate the vibrational and rotational quantum number of CO before and after collision.
In the following, we will also make use of the rotational () An important issue in such studies is to know whether the state-to-state mechanism for rotational relaxation within different vibrational levels (i.e. without vibrational relaxation) is identical, or at least nearly so (see for example Islam et al. [44] and Denis-Alpizar and Stoecklin [42] ). This assumption relies on the fact that van der Waals wells are usually quite shallow and small compared to the diatomic vibrational spacing. In other words the intermolecular potential is not strong enough to couple different vibrational levels. Consequently vibrational quenching is negligible compared to rotational quenching for most neutral van der Waals complexes. This is indeed the case of Ar-CO as can be seen in Figure  4 which shows the rotational and vibrational quenching rate constants from the second excited vibrational state of CO in the rotational states J = 0, 1, 4 and 6. The vibrational quenching rate constants are 6 to 8 orders of magnitude smaller than the rotational quenching rate constants. Consequently, the Ar-CO (v, J i = 6 → v' = v, J f ) state-to-state rotational deexcitation rate constants represented in Figure 5 for three temperatures and for the two vibrational levels v = 1 (left panel) and = 2 (right panel) of CO are very similar. These results demonstrate that for Ar-CO the state-to-state mechanism for rotational relaxation within different vibrational levels is essentially identical.
Results
Scattering Calculations
Experimental measurements
Experimental state-to-state rate constants and total relaxation cross sections were determined at four different temperatures (30.5, 52, 111, and 293 K) and four different values of J i (0, 1, 4 and 6). These experimental results are compared to the theoretical rates in Tables  S1-S4 for 293, 110.6, 52.2, and 30.5 K, respectively. The experimental values are given w 2σ
, and the theoretical values are given in parentheses. In general, we find very good agreement between theory and experiment, as shown in Figure 6 which plots the stateto-state rate constants for theory and experiment for 110.6 K and J i = 0, 1, 4, and 6. Tables S1-S4 compare the total removal rate constants found from fitting the first-order decay of the double resonance signal of J i and the sum of the state-to-state rate constants. In almost all cases, these values are the same within the combined error limits, which means not only that the total removal and state-to-state experiments are consistent, but also that the state-to-state rate constants include the major rate pathways (i.e. there are no significant contributions from J f > 10). At room temperature, the sums of the state-to-state rate constants are generally somewhat lower than the total removal rate constants, probably due to non-inclusion of all the pathways and problems of spectral overlap. In contrast to the previous work of Carty et al [18] , we did not correct or normalize these state-to-state rate constants. Figure 7 shows a plot of the total removal cross-section with the sum of the theoretical state-to-state rate constants for J f = 0-20. As with the state-to-state rate constants, most experimental values are within error of the theoretical values. For J i = 1, 4, and 6 the total removal cross section increases with decreasing temperature, with larger increases for J i = 4 and 6 than for J i = 1. While the total removal cross-section for J i = 0 initially increases as the temperature drops, it begins to decrease below 111 K.
Discussion
The temperature dependent rate constants and cross sections for collisional RET between Ar and CO can be explained by a few factors. The first is the strength of the polarizability and long-range forces of the gases. According to Sumiyoshi and Endo the COAr van der Waals well is deep: 107.1 cm -1 or 154 K [20] . As the average collision energy decreases to below this level, we would expect Ar and CO molecules to spend more time in the van der Waals complex, leading to more efficient inelastic collisions and higher cross sections. As the temperature of the gas decreases, we would also expect to see a reduction in cross sections for endothermic pathways, which rely on collisional excitation of CO molecules to overcome the endothermicity of the reaction. The number of available exothermic pathways is different for different J values; J = 0 has none (ΔJ > 0 for all transitions) whereas J = 6 has six exothermic pathways (J f = 0, 1, 2, 3, 4, and 5).
Total Removal Cross-Sections
The measured total removal cross-sections ( Figure 7) were large compared to those of lighter rare gases. Carty et al. [18] report a total removal cross-section from J i = 1 at ambient temperature of (22.3 ± 0.6) Å 2 for the rotational relaxation of CO in He, and Hostutler et al.
[45] report a total removal cross section of 29.2 Å 2 for the rotational relaxation of CO in Ne.
Both these values are significantly lower than the value of 65.0 ± 5.7 Å 2 for CO in Ar. For every temperature the cross sections from Carty et al. taken in a He bath gas are 2 -3 times smaller than those reported here with an Ar bath gas. This trend follows the relative magnitudes of the CO-He, CO-Ne and CO-Ar van der Waals wells, which are calculated to be 22.34 cm -1 [46] , 49.4 cm -1 [47] , 107.1 cm -1 [20] respectively. A deeper van der Waals well increases the strength of the interaction between CO and the noble gas and the likelihood of inelastic collisions. This trend agrees with long known trends for collisional broadening; the heavier rare gases with stronger polarizability and deeper van der Waals wells lead to greater collisional broadening [10] .
While the absolute cross sections were bigger for CO RET in Ar than compared to He, the general trends of the total cross sections with temperature are very similar to those found by Carty et al. [18] for CO-He. For the larger values of J i , (here, J i = 4 and 6) there are many exothermic pathways available, and the total removal cross sections increase as the temperature drops due to the influence of the van der Waals well. The temperature dependence is more complicated for J i = 0 1 w y x (∆J < 0) pathways available. While long range forces still play a significant role at lower temperatures, this is offset by the decreased energy of the Ar bath gas which disfavors endothermic reactions. Carty et al. [18] found that the temperature dependence of the total removal cross section of J i = 1 was essentially temperature independent with these two effects essentially counteracting each other, and we obtain a similar result, though we see a small (and probably insignificant) increase of the cross section for J i = 1 at the lowest temperature. Like Carty et al., we also saw a noticeable decrease in the cross section at lower temperatures for J i = 0 [18] . This is expected given that there are no exothermic channels available.
State-to-State Rate Constants
Again, we see many trends in the state-to-state rate constants that are similar to those found by Carty et al [18] . Firstly, rate constants are largest when J f is close to J i (ΔJ is small), and decrease ΔJ increases. This is explained by the larger collision energy needed to transfer the greater amounts of energy for g ΔJ transitions. We also observe narrower distributions of the state-to-state rate constants as the temperature decreases, because in a lower temperature bath gas the lower average collision energy will disfavor transitions that require large energy transfers. T ff f w ΔJ transitions and narrows the distribution of state-to-state rate constants.
Finally, we do see a slight propensity for ΔJ = odd transitions, most clearly seen in the data for J i = 0 at room temperature, since at lower temperatures this effect is washed out by the steep decrease in rate as ΔJ increases. A semi classical picture of this quantum effect has been given by McCurdy and Miller [48] in terms of interfering trajectories. It can be understood more intuitively by looking in Figure S8 at the variation of the expansion coefficients of the PES in Legendre polynomials as a function of the intermolecular distance. While the magnitudes of the even coefficients are larger than those of the odd coefficients, it can be also clearly seen that the odd values of l are associated with attractive contribution while the even coefficients are repulsive. These simple facts explain the observed and calculated propensity rule for this system. A similar behavior was also observed in the COHe system by Carty et al. [18] .
Comparison of experimental and theoretical results
The agreement between the experimental and theoretical results is excellent. In contrast to many other experimental methods, here there is no scaling factor applied and absolute rate constants / cross-sections are obtained. At the state-to-state level essentially quantitative agreement is obtained within the error limits of the experimental results, as can be seen for example in Figure 6 at 111 K. The total cross sections for relaxation of specific states also show very good agreement, especially for J i = 4, 6 (see Figure 7) where quantitative agreement is obtained. The experimental results for J i = 0 appear to drop somewhat more than theory predicts at the lowest temperatures and for J i = 1 appear slightly lower than the theoretical predictions. It is possible that these slight differences, especially at very low temperatures, can be traced to small differences in the long-range anisotropic part of the potential of Sumiyoshi and Endo [20] which was refined by comparison with spectroscopic data arising from bound states of the Ar-CO complex. However, the main point that should be emphasized here is the remarkable and essentially quantitative agreement between experiment and theory.
Conclusions
Absolute state-to-state and total relaxation rate constants/cross-sections have been measured for rotational energy transfer in collisions between CO (v = 2, J i ) and Ar over the temperature range 30.5-293 K for J i = 0, 1, 4, 6 using an infrared -vacuum ultraviolet double resonance technique. Rovibrationally inelastic rate constants/cross-sections have been calculated at the close-coupling level on the newly available potential of Sumiyoshi and Endo [20] . The rotational relaxation rate constants were shown to be insensitive to vibrational state of CO, and good agreement was found between the theoretical predictions and the experimental measurements, emphasizing the high quality of the potential. In the following Supplementary Tables S1 to S4 , state-to-state rate constants for transfer between initial and final rotational states of CO in collision with Ar are reported for various temperatures under the conditions reported in the text. Ex g w 2σ statistical errors and compared to theoretical values, which are given in parentheses. The sums of the experimental values of the state-to-state rate constants k st-to-st (and the corresponding theoretical values in parentheses) are also given along with the total relaxation rate constants k Total as measured from the exponential decays and calculated via equation (1) (with the theoretical sum of all state-to-state rate constants out of the initial state given in parentheses).
Supplementary Tables
